The mechanism between ventilator-induced lung injury (VILI) and multiple organ injury is unclear. The aim of our study was to investigate the mechanisms of VILI-induced distal organ injury. METHODS: VILI was induced in rat lungs with high tidal volume (V T ) ventilation of 40 mL/kg for 6 h. Rats with low V T ventilation of 6 mL/kg served as controls. Inflammatory and apoptotic indices in lung and distal organs were assessed. RESULTS: VILI increased lung weight, airway pressure, inflammation, and apoptotic pathologic changes without hemodynamic changes. The white blood cell count and the levels of H 2 O 2 , interleukin-1␤ (IL-1␤), tumor necrosis factor alpha, and macrophage inflammatory protein-2 in bronchoalveolar lavage fluid were higher in the VILI group compared with the control group. H 2 O 2 , IL-1␤, and tumor necrosis factor alpha in blood from the left ventricle were up-regulated. H 2 O 2 , IL-1␤, tumor necrosis factor alpha, macrophage inflammatory protein-2, c-Jun N-terminal kinase, p38, nuclear factor kappa B, and caspase-3 in lung, heart, liver, and kidney tissues in the VILI group were up-regulated. Furthermore, the apoptotic score for the kidneys was higher than those for other distal organs in the VILI group. CONCLUSIONS: High V T ventilation induces VILI and is associated with inflammation and apoptosis in distal organs. Up-regulation of reactive oxygen species and cytokines in VILI is associated with systemic inflammatory responses. Kidney tissue appears to be more vulnerable than heart and liver tissues following VILI.
Introduction
In patients with ARDS, the application of low tidal volume (V T ) ventilatory strategies has been shown to decrease mortality. 1 Despite improvement in outcome due to lung-protective ventilation using low V T , the mortality rate from ARDS remains unacceptably high. A recent international study reported an ICU mortality rate of 60.2% in subjects with ARDS. 2 The majority of patients with ARDS do not die from irreversible hypoxemia, but rather from multiple organ failure, [2] [3] [4] [5] suggesting the hypothesis that mechanical ventilation, the mainstay of ARDS treatment, could itself enhance the inflammation and worsen multisystem injury. 6 Inappropriate mechanical ventilation can initiate or exacerbate lung injury, leading to ventilator-induced lung injury (VILI) as a result of volutrauma 7 and biotrauma. 8 Animal studies have demonstrated that high V T ventilation leads to increased neutrophil infiltration, activation of inflammatory cytokines, pulmonary inflammation, and diffuse alveolar damage via activation of the mitogen-activated protein kinase (MAPK) and nuclear factor kappa B (NF-KB) pathways. 9 Thus, VILI in animal models resembles the clinical features of ARDS. 10, 11 Hyperventilation of a single lung in an isolated rat lung model leads to production of pro-inflammatory tumor necrosis factor alpha, increased permeability, and injury to the contralateral lung via circulating mediators, that is, biotrauma. 12 Over the last decade, this biotrauma 6, [13] [14] [15] [16] [17] has been proposed as the mechanism underlying multiple organ injury in patients with ARDS. This hypothesis has not been well explored and requires further investigation.
In this study, we explored whether VILI could induce distal organ injury and the potential biomolecular mechanisms of this injury. This framework may be useful in guiding the development of novel therapeutic strategies that ultimately improve the outcome of patients with ARDS who are undergoing mechanical ventilation.
Methods

Animals
This study was approved by the Taipei Veterans General Hospital Subcommittee on Research Animal Care. Virus-free Sprague-Dawley rats (weighing between 250 and 300 g) were obtained from Charles River Laboratories (Wilmington, Massachusetts).
Experimental Protocols
Male Sprague-Dawley rats were anesthetized by intraperitoneal injection of sodium pentobarbital (20 -25 mg) while breathing room air. PE 240 tubing (infusion therapy system, BD Medical, Sandy, Utah) was inserted into the trachea and connected to a ventilator (model 55-7058, Harvard Apparatus, Holliston, Massachusetts). We used our established ventilator protocol in the rat model of VILI as described previously. 18 The rats were then randomly assigned into 2 groups (n ϭ 7 for each group) by using a random-number table and ventilated for 6 h with either a high V T of 40 mL/kg or a low V T of 6 mL/kg. A PEEP of 2 cm H 2 O was applied to all groups. End-tidal carbon dioxide pressure was monitored intermittently with a microcapnograph (Columbus Instruments, Columbus, Ohio) and was kept between 35 and 45 mm Hg by adjusting the breathing frequency of the ventilator. The femoral artery and vein were cannulated. Tracheal airway pressure and arterial blood pressure were continuously monitored with a polygraph (Gould Instrument System, Cleveland, Ohio). During the period of ventilator use, intraperitoneal sodium pentobarbital at 0.05 mg/g was administered every 30 min, and the intraperitoneally administered anesthesia fluid was sufficient to correct for hypovolemia. After 6 h, the chest was opened by an incision in the left border of the sternum, arterial blood was withdrawn from the left heart ventricle, and the blood serum was stored in a Ϫ80°C refrigerator for cytokine and H 2 O 2 measurement.
Bronchoalveolar Lavage Fluid
The lungs were removed en bloc, and tubing was inserted into the trachea and secured. The right lung was clamped at the bronchus to prevent lavage fluid from entering the right lung. The lungs were lavaged by instilling normal saline at 2.5 mL twice in the left lung. Recovered lavage samples were centrifuged at 1,500 ϫ g at room temperature for 10 min. The white blood cell count in bronchoalveolar lavage fluid (BALF) was determined using a hemocytometer. An enzyme-linked immunosorbent assay was performed to measure the concentration of cytokines, including macrophage inflammatory protein-2 (MIP-2), interleukin-1␤ (IL-1␤), and tumor necrosis factor alpha, in the supernatant. 11
H 2 O 2 Assay
BALF and arterial blood from the left ventricle were centrifuged at 1,000 ϫ g within 30 min, and the superna-
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Current knowledge
Ventilator-induced lung injury (VILI) caused by aggressive ventilation characterized by high tidal volumes (V T ) and low end-expiratory pressures is implicated in the development of multiple organ failure and mortality. The exact mechanism of distal organ failure is unclear.
What this paper contributes to our knowledge
High V T ventilation produces VILI and is associated with inflammation and apoptosis in distal organs, triggered by spillover of the reactive oxygen species and cytokines into the circulation. This systemic inflammation and apoptosis is associated with up-regulation of c-Jun N-terminal kinase, p38, nuclear factor kappa B, and caspase-3 in the lung, heart, liver, and kidney. 
Western Blot Analysis
Lung, heart, liver, and kidney tissues were homogenized using lysis buffer containing protease inhibitor mixture and phosphatase inhibitor mixture (both from Roche Applied Science, Indianapolis, Indiana). Total protein extracts were separated on 10% sodium dodecyl sulfate-polyacrylamide gel and electrotransferred onto polyvinylidene fluoride membrane (Millipore, Billerica, Massachusetts). The membrane was blocked with 5% nonfat dry milk in Trisbuffered saline containing 0.1% Tween 20 for 1 h. Antibodies against phosphorylated p44/42 MAPK (extracellular signal-regulated kinases (ERK) 1 and 2), phosphorylated stress-activated protein kinase/c-Jun N-terminal kinase (JNK), and phosphorylated p38 MAPK (1:1,000 dilution; Cell Signaling Technology, Beverly, Massachusetts) were used. Antibodies against glyceraldehyde-3-phosphate dehydrogenase (1:10,000 dilution; LabFrontier, Seoul, Korea), JNK (1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz, California), caspase-3 (1:2,000 dilution; Cell Signaling Technology), phosphorylated AKT serine/threonine kinase (1:1,000 dilution; Cell Signaling Technology), AKT (1:1,000 dilution; Cell Signaling Technology), MIP-2 (1:1,000 dilution; Abcam, Cambridge, Massachusetts), IL-1␤ (1:1,000 dilution; Abcam), and tumor necrosis factor alpha (1:1,000 dilution; Abcam) were used. Horseradish peroxidase-conjugated anti-rabbit secondary antibodies were used (1:10,000 dilution; Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania). Visualization was performed by enhanced chemiluminescence (Visual Protein Biotechnology, Taipei, Taiwan). Protein bands were quantified using the Kodak 1D image analysis software package (version 3.5, Eastman Kodak, Rochester, New York).
NF-KB Analysis of Nuclear Protein
Lung tissue was homogenized with a Dounce tissue homogenizer in 5 mL of solution containing 0.6% Nonidet P-40, 150 mM NaCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.9), 1 mM ethylenediaminetetraacetic acid, and 0.5 mM phenylmethylsulfonyl fluoride. The homogenates were centrifuged for 30 s at 2,000 rpm, and the supernatants were collected and centrifuged for 5 min at 5,000 rpm. The pelleted nuclei were resuspended at 4°C in 300 L of solution containing 25% glycerol, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.9), 420 mM NaCl, 1.2 mM MgCl 2 , 0.2 mM ethylenediaminetetraacetic acid, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 2 mM benzamidine, 5 g/mL pepstatin A, 5 g/mL leupeptin, and 5 g/mL aprotinin and incubated on ice for 20 min. Samples were centrifuged at 15,000 rpm for 1 min. The total protein concentration in the extract was determined using a bicinchoninic acid protein assay (Pierce, Rockford, Illinois). The membrane was blocked for 1 h. Anti-NF-KB and anti-proliferating cell nuclear antigen antibodies (both at 1:1,000 dilution; both from Cell Signaling Technology) were diluted in Tris-buffered saline containing 0.1% Tween 20 and incubated overnight at 4°C. Horseradish peroxidase-conjugated anti-rabbit secondary antibodies were used (1:10,000 dilution) at room temperature for 1 h. Visualization was performed by enhanced chemiluminescence. The protein bands on the destained gels were quantified using the Kodak 1D image analysis software package (version 3.5). Anti-proliferating cell nuclear antigen antibody was used as a loading control to correct the pixel values for NF-KB.
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Stain for Apoptosis
Lung, heart, liver, and kidney tissue slides coated with poly-L-lysine (Sigma, St. Louis, Missouri) were deparaffinized and rehydrated using xylene and ethanol. The background was diminished by preincubating samples with 3% bovine serum albumin and 20% normal bovine serum in phosphate-buffered saline for 30 min at room temperature. The specimens were then exposed for 1 h at 37°C in a moist chamber to a labeling mixture containing 0.135 unit/mL calf terminal deoxynucleotidyl transferase, 0.0044 nmol/mL digoxigenin-11-2Ј-deoxyuridine 5Ј-triphosphate, and 1 mM cobalt chloride in distilled water. Following washing, the specimens were resaturated in 3% bovine serum albumin and 20% normal sheep serum. They were then treated for 1 h at room temperature with peroxidaselabeled anti-digoxigenin sheep Fab fragment (dilution of 1.25 units/mL peroxidase), washed again, and subjected to a 0.05% 3,3Ј-diaminobenzidine tetrahydrochloride color reaction (Dako, Carpinteria, California). Analysis was performed with an Eclipse 80i microscope (Nikon, Tokyo, Japan) using Image-Pro Plus 5.0 (Media Cybernetics, Rockville, Maryland). The cells with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive staining in nuclei were counted in groups of 100 cells on the 3 slides of immunohistochemical stain for each animal tissue. Two pathologists blinded to the experimental conditions assessed morphology.
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Lung Histopathology
Upon completion of the experiments, the lungs were dissected and fixed immediately in 10% neutral buffered formalin. The right lower lobes were dehydrated through a graded series of alcohol, cleared in xylene, embedded in paraffin, and stained with hematoxylin and eosin. Three slides from each animal were evaluated for a total of 6 rats per group. The lung injury score was scaled and evaluated as described previously. 11, 18, 19 Statistical Analysis Systat 10.0 (Systat Software, San Jose, California) was used for statistical analysis. The normal (or gaussian) distribution was found in the distribution of values of various parameters in all groups. Comparisons of the levels of H 2 O 2 , tumor necrosis factor alpha, IL-1␤, MIP-2, caspase-3, phosphorylated AKT, MAPK, and NF-KB and percent of TUNEL-positive tissue in all groups (lung, heart, liver, kidney, and serum) were conducted by 2-way repeated-measures analysis of variance. Comparison between baseline and post-VILI values of arterial blood pressure, heart rate, wet/dry lung weight, total wet lung weight/body weight ratio, H 2 O 2 , tumor necrosis factor alpha, IL-1␤, and MIP-2 in lavage fluid and the injury scores of the pathologic changes in the control and VILI groups was conducted using the unpaired Student t test. Values are expressed as mean Ϯ SD. P Ͻ .05 was considered statistically significant.
Results
Hemodynamics
There was no significant statistical difference in hemodynamics between the groups at the beginning versus the end of 6 h of mechanical ventilation (Table 1) .
Pulmonary Edema, Lung Compliance, and Cell Count in BALF
The wet/dry ratio, BALF cell counts, changes in peak airway pressure, and lung/body weight ratio in the VILI group were higher than those in the control group (Table 2 ).
Reactive Oxygen Species
The H 2 O 2 levels in BALF (Fig. 1A) , arterial blood from the left ventricle, and lung, heart, liver, and kidney tissues in the VILI group were significantly higher than those in the control group (Fig. 1B) . These data indicate up-regulation of reactive oxygen species in lungs, arterial blood, and distal organs during VILI.
Cytokines
The levels of MIP-2, IL-1␤, and tumor necrosis factor alpha in BALF were significantly increased in the VILI group compared with those in the control group (Fig. 2,  A-C) . Furthermore, the levels of tumor necrosis factor alpha and IL-1␤ in blood and lung, heart, liver, and kidney tissues were significantly higher in the VILI group compared with the control group (Fig. 2, D and E) . In the VILI group, the tumor necrosis factor alpha levels in kidney tissue and serum were higher than those in lung and liver 
Values are presented as mean Ϯ SD. No significant differences in the values at baseline and 6 h of ventilation in the control and VILI groups were found. VILI ϭ ventilator-induced lung injury (Fig. 2D) , and the IL-1␤ levels in serum and kidney and liver tissues were higher than those in lung tissues (Fig. 2E) . The MIP-2 levels in lung, heart, liver, and kidney tissues in the VILI group were higher than those in the control group (Fig. 2F ). These data demonstrated that volutrauma could augment the release of pro-inflammatory cytokines from the lungs into the systemic circulation and was associated with increased inflammation of the distal organs. However, cytokines appeared to be differentially expressed in extrapulmonary organs in this animal model of VILI. The expression of tumor necrosis factor alpha in rats receiving high V T ventilation was significantly higher in kidney tissue (Fig. 2D) , and that of IL-1␤ was higher in liver and kidney tissues (Fig. 2E ).
Histopathological Changes in VILI
The lung histology of VILI was characterized by perivascular edema, interstitial and intra-alveolar leukocyte infiltration, and marked heterogeneity in alveolar inflation (Fig.  3B) . The pathologic score of lung injury in rats with high V T ventilation was significantly increased compared with that in the control group (Fig. 3C) .
Apoptosis
The levels of caspase-3 in lung, heart, liver, and kidney tissues in the VILI group were higher than those in the control group (Fig. 4A ). There were no significant differ- Fig. 1 . A: High tidal volume (V T , 40 mL/kg) ventilation for 6 h resulted in increased oxidant stress as detected by H 2 O 2 production in the bronchoalveolar lavage fluid of the lung compared with the control group at low V T (6 mL/kg). B: Ventilator-induced lung injury (VILI) increased H 2 O 2 levels in lung, heart, liver, and kidney tissues and arterial blood. * P Ͻ .05 compared with the control group. Data are presented as mean Ϯ SD.
Fig. 2. High tidal volume (V T , 40 mL/kg) ventilation for 6 h induced increased expression of pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-␣) (A), interleukin-1␤ (IL-1␤) (B)
, and macrophage inflammatory protein-2 (MIP-2) (C), in the bronchoalveolar lavage fluid of the lung compared with the control group at low V T (6 mL/kg). High V T ventilation for 6 h induced up-regulation of pro-inflammatory cytokines, including tumor necrosis factor alpha (D), IL-1␤ (E), and MIP-2 (F), in lung, heart, liver, and kidney tissues and also up-regulation of IL-1␤ and tumor necrosis factor alpha in arterial blood. * P Ͻ .05 compared with the control group. † P Ͻ .05 compared to lung tissue with ventilator-induced lung injury (VILI). ‡ P Ͻ .05 compared to liver tissue with VILI. Data are presented as mean Ϯ SD.
ences in phosphorylated AKT activation in lung, heart, liver, and kidney tissues in the VILI group compared with the control group (Fig. 4B) . These results indicate that VILI induced apoptosis in lung, heart, liver, and kidney tissues associated with caspase-3 activation, but not via the AKT pathway. Greater levels of apoptosis were found in lung, heart, liver, and kidney tissues in the VILI group compared with the control group (Fig. 5) . The apoptotic score in kidney tissue was higher than that in heart and liver tissues (Fig. 6 ).
MAPK and NF-KB
High V T ventilation resulted in up-regulation of JNK, p38 MAPK, and NF-KB in lung, heart, liver, and kidney A: High V T (40 mL/kg) ventilation for 6 h induced activation of caspase-3 in heart, liver, and kidney tissues compared with the control group at low V T (6 mL/kg), and the level of caspase-3 activity was higher in kidney tissue than in heart and liver tissues. B: Conversely, there were no significant differences in AKT phosphorylation between the high V T and control groups in lung, heart, liver, and kidney tissues. * P Ͻ .05 compared with the control group. † P Ͻ .05 compared with heart tissue with ventilator-induced lung injury (VILI). ‡ P Ͻ .05 compared with liver tissue with VILI. AKT ϭ serine/threonine protein kinase B; p-AKT ϭ phosphorylated AKT; GAPDH ϭ glyceraldehyde-3-phosphate dehydrogenase. Data are shown as mean Ϯ SD.
tissues. In contrast, high V T ventilation did not activate the ERKs by phosphorylation in lung, heart, liver, and kidney tissues (Fig. 7) .
Discussion
In ARDS, mechanical ventilation can be a life-saving treatment. However, even with low V T ventilation, positive pressure deforms cells, inducing mechanotransduction with release of mediators (biotrauma), as well as volutrauma associated with uneven distribution of ventilation. 20 
Mechanical Ventilation With High V T Results in VILI
Our results that show VILI causes lung injury, with lung histology characterized by pulmonary edema, interstitial and intra-alveolar leukocyte infiltration, and marked heterogeneity in alveolar inflation, consistent with previous studies. [7] [8] [9] [10] [11] 18 Our results further show that up-regulation of JNK, p38 MAPK, NF-KB, and caspase-3 is associated with inflammation and apoptosis in VILI; up-regulation of ERK is not associated with VILI.
Up-Regulation of Cytokines and Reactive Oxygen Species in BALF, Lung Tissue, and Blood from the Left Ventricle
Whether VILI per se can cause a significant release of pro-inflammatory cytokines is still undetermined. Several studies failed to show an increase in tumor necrosis factor alpha or IL-1␤ concentration in BALF or plasma after injurious ventilation strategies. 19, 21 On the other hand, some VILI studies, including our own, were able to demonstrate elevated levels of pro-inflammatory cytokines in BALF [22] [23] [24] [25] [26] and blood. 26 Furthermore, our results are the first to show up-regulation of H 2 O 2 in BALF, lung tissue, and blood from the left ventricle, supporting a previous study showing a significant increase in serum isoprostane in rats ventilated with high V T compared with low V T . 27 Fig. 5. High tidal volume (V T , 40 mL/kg) ventilation for 6 h induced significant cellular apoptosis in lung, heart, liver, and kidney tissues as measured by terminal deoxynucleotidyl transferase dUTP nick end labeling stain in ventilator-induced lung injury (VILI) groups compared with control groups at low V T (6 mL/kg). Representative examples of dark brownish immunohistochemical staining for apoptosis are indicated by arrows (magnification, ϫ 400). 
Spillover of Cytokines and Reactive Oxygen Species in VILI Is Associated With Inflammation and Apoptosis in Distal Organs
We elucidated, for the first time, the potential molecular mechanism in the multiple organ involvement (heart, liver, and kidney) associated with VILI by demonstrating upregulation of JNK, p38 MAPK, NF-KB, tumor necrosis factor alpha, IL-1␤, MIP-2, and H 2 O 2 and apoptosis in lung, heart, liver, and kidney tissues. We also demonstrated that extrapulmonary organs have individual biochemical responses to circulating soluble inflammatory cytokines and H 2 O 2 from injured lungs that may lead to varying degrees of inflammation and apoptosis in distal organs. Among these distal organs (heart, liver, and kidney), the kidney appears to be more vulnerable to VILI.
A few studies have examined the relationship between VILI and distal organ involvement in animal models. The results from these prior studies can be summarized as follows: ventilator-induced up-regulation of adhesion molecules and myeloperoxidase in mouse lung, liver, and kidney tissues, 28 increased endothelial nitric oxide synthase expression in lung and kidney tissues with high V T ventilation in rats, 29 and association of VILI with an increase in gut permeability in a rat model. 30 Our results show that VILI induced apoptosis not only in the lungs but also in the heart, liver, and kidneys, which is associated with upregulation of caspase-3. Apoptosis in the liver was greater that in the heart; furthermore, the kidneys showed greater apoptosis compared with the heart or liver. To our knowledge, no previous study has demonstrated apoptosis in distal organs in VILI, and only one study showed ventilator-induced airway epithelial cell apoptosis. 28 However, a 2-hit (VILI [high V T ] ϩ acid aspiration lung injury [intratracheal hydrochloric acid]) rabbit lung injury model was associated with epithelial cell apoptosis in the kidneys and small intestine. 31 
Mechanisms Underlying VILI-Associated Multiple Organ Involvement and Differential Responses of Distal Organs
The mechanisms underlying the relationship between VILI and multiple organ involvement are still unclear. It has long been known that mechanical ventilation has an impact on hemodynamics that could potentially lead to multiple organ failure. Recent studies suggest additional mechanisms by which mechanical ventilation for acute respiratory failure and associated biotrauma can impact extrapulmonary organs. 14, 15 In our animal model, there was no significant change in hemodynamics. On the basis of our results, we propose that the spillover of soluble cytokines and reactive oxygen species from the lungs into the circulation in VILI could cause inflammation and apoptosis in distal organs.
Our results show that high V T ventilation increased tissue tumor necrosis factor alpha protein expression in kidney tissue and blood to a greater level than in lung and liver tissues, that IL-1␤ expression in kidney and liver tissues was higher than in lung tissue, and that apoptosis in kidney tissue was more severe than in heart and liver tissues. These results suggest that extrapulmonary organs have differential responses to injury associated with VILI. Regarding the mechanism of injury relating VILI to downstream organs, Patterson et al 32 showed that exposure of mouse liver endothelial cells to lung-derived mediators during mechanical ventilation resulted in significant cytokine production via NF-KB. Moreover, previous studies proposed a possible mechanism by which mechanical ventilation may induce acute renal failure mediated by alveolar stretch-induced pulmonary inflammatory reaction with systemic release of mediators. 33, 34 Our findings are in agreement with previous results showing that several circulating cytokines, including tumor necrosis factor alpha, IL-1␤, and IL-8 (MIP-2), which can result in acute renal failure, are increased during mechanical ventilation in animal and human studies. 34, 35 In addition, renal failure is the most prevalent organ dysfunction associated with VILI in patients with ARDS. 35 Thus, a possible specific susceptibility or autoregulation of different organs due to endothelial activation 28 and the complex interactions of several inflammatory mediators may contribute to the development of ventilator-induced distal organ injury. 36 There are some limitations of this study. First, VILI was induced in healthy rats by 6 h of high V T ventilation. The ventilation parameters used in this study, although higher than those used clinically in humans, would have induced a moderately high degree of lung stretch in healthy rodents, as rodent lungs are much more compliant than human lungs. 37 A recent study demonstrated that V T of up to only 40 mL/kg induced substantial increases in both inflammation and pulmonary edema in rodents, consistent with development of acute lung injury. 38 In clinical practice, mechanical ventilation in ARDS consists of applying a low V T for a longer duration. However, due to uneven distribution of ventilation, some alveoli are still overstressed, and both volutrauma (mechanotransduction due to deformed macrophages or structural cells in lungs) and biotrauma may be induced by positive-pressure ventilation. Second, this pure VILI model oversimplifies the clinical scenario of more complicated etiologies associated with respiratory failure such as ARDS or sepsis with multiple organ failure. Nevertheless, this animal model can provide insights into mechanisms by which mechanical ventilation can harm extrapulmonary organs by eliminating confounding factors such as bacterial toxins, gastric juice aspiration, and hyperoxia exposure encountered clin-ically. Third, in our experiments, the amount of blood obtained from the left ventricle was not sufficient to assay for an extensive panel of cytokines and mediators. In addition, it is technologically difficult to sample the arterial blood from every distal organ. Further study is needed to identify other circulating soluble mediators that might contribute to biotrauma of VILI in triggering multiple organ injury, including studies based on genomics, metabolomics, proteomics, and micro-ribonucleic acids.
Conclusions
High V T ventilation induces VILI and is associated with inflammation and apoptosis in distal organs. Up-regulation of reactive oxygen species and cytokines in VILI is associated with systemic inflammatory responses. The kidney appears to be more vulnerable to VILI-associated systemic effects compared with the heart and liver.
We propose that systemic inflammation may induce more cytokines and reactive oxygen species that are circulated back to the lungs, which augments lung injury. Clear elucidation of the mechanisms involved in VILI and distal organ damage would be beneficial for the development of novel therapeutic strategies to improve the outcome of ARDS. Strategies for blocking this vicious cycle between VILI and multiple organ involvement are urgently needed to decrease the mortality rate of ARDS.
